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LamininC. elegans body wall muscle is formed after a series of well-orchestrated steps. With the onset of speciﬁcation
embryonic muscle cells accumulate under the hypodermal seam cells at the left and right sides of the embryo.
Shortly thereafter they begin to migrate dorsally and ventrally resting beneath the dorsal and ventral
hypodermis eventually forming the four muscle quadrants present upon hatching. In this study we describe
the plasma membrane dynamics of these migrating cells and observe the extension of ﬁlopodia and
lamellipodia during dorso-ventral migration but not during the earlier stages of accumulation. We also
describe an anterior migration event during embryonic muscle morphogenesis, whereby the anterior-most
pair of cells in each of the four muscle quadrants extends long processes to the anterior tip of the developing
embryo. Anteriormost muscle cells then follow these extensions into their ﬁnal positions in the developing
embryo. Using RNAi and mutant analysis, we have identiﬁed laminin as being involved in mediating the
dorsal-ventral muscle migrations. Finally we show that the α-integrin INA-1, the ephrin VAB-2 and its
receptor VAB-1 and the Robo receptor SAX-3 indirectly promote the proper extension of the ventral anterior
muscle processes by organizing the embryonic neurons so as to provide a clear path for muscle membrane
extension.niversity of British Columbia,
rman).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
During embryogenesis, directed cellmigrations play amajor role in
organizing developing tissues. As new cell types arise they frequently
migrate away from their place of origin to form nascent tissues. This is
the case during striated muscle development. While the details vary
among species, striated muscle formation requires the migration of
nascent myoblasts away from where they are speciﬁed to the site of
muscle formation (Reviewed in Christ and Brand-Saberi, 2002;
Schnorrer andDickson, 2004). In the nematode Caenorhabditis elegans,
embryonically derived body wall muscle cells undergo a series of
discrete cell movements to generate the proper tissue arrangement.
Muscle cells arise from four distinct founder cells, MS (28 cells), C (32
cells), AB (1cell) and D (20), and initially arrange into two quadrants
on the left and right sides of the embryo, lying beneath the hypodermal
seam cells (Sulston et al., 1983). Starting at ~290 min of embryogen-
esis these cells migrate dorsally or ventrally to lie beneath the dorsal
and ventral hypodermal cells, forming the four body wall muscle
quadrants present upon hatching (Fig. 1) (Hresko et al., 1994; Sulston
et al., 1983). These migrations are occurring while some of the muscle
cells are still dividing and in a dynamic environment where cell–cellcontacts can differ from embryo to embryo (Schnabel et al., 1997). This
begs the question as to how these cells unerringly reach their
destinations in such a dynamic environment.
Extracellular matrix (ECM) and cell surface components are
involved in cell sorting, positioning, migration and attachment.
These molecules include ﬁbronectin, laminin, basement membrane
collagens, as well as the NCAM, cadherins, integrins, UNC-6/netrins
and several identiﬁed growth factor signaling pathways, like Wnt and
FGF (Adams and Watt, 1993; Heisenberg and Solnica-Krezel, 2008;
Ishii et al., 1992; Keller, 2005; Locascio and Nieto, 2001; Seraﬁni et al.,
1994). However, with the notable exception of Wnt signaling (Hardin
and King, 2008), the study of mutations in C. elegans homologs of
many of these genes suggests they are not essential for cell migration
in the early embryo. Mutations in many of these structural proteins
have quite drastic effects on cell attachment, movement and
migration in later development, but, for the most part, do not appear
to affect earlier developmental processes (Gettner et al., 1995; Guo
et al., 1991; Hedgecock et al., 1987; Hresko et al., 1994; Huang et al.,
2003; Ishii et al., 1992; Leung-Hagesteijn et al., 1992; Rogalski et al.,
1993; Sibley et al., 1993; Williams and Waterston, 1994). Recent
global studies using RNAi methodology afﬁrms these earlier observa-
tions (Schnabel et al., 2006; Sonnichsen et al., 2005). Apparently, we
are still missing key genes involved in embryonic cell migration.
Recent work by Tucker and Han (2008) showed that ina-1/α-
integrin expression in the hypodermis and vab-1/vab-2/ephrin/ephrin
Fig. 1. Schematic of the dorsal and ventral embryonic muscle migration. Panel A is a cartoon adapted from Hresko et al. (1994) of a cross-section of an embryo, showing the starting
position of the muscle cells beneath the hypodermal seam cells and direction of their migrations. Panels B and C are ball models indicating the nuclear position of the left embryonic
muscle cells. Panel B shows the cells before their dorsal and ventral migration and panel C shows the same cells and their descendants after they havemigrated. Red spheres markMS
derived cells, blue the D derived and green the C linage derived muscle cells. In panels B and C anterior is to the left and ventral is to the bottom. Arrows indicate direction of
migration.
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positioning of a subset of the anterior muscle cells, and also identiﬁed
a novel metalloprotease, MNP-1, that is required for all proper
embryonic muscle migrations to occur. Their study reveals more
about the mechanisms orchestrating these cell movements, but we
still lack a complete picture of the process.
Herewe present a description of the plasmamembrane dynamics of
migrating embryonicmuscle cells in C. elegans and show that nematode
embryonic muscle migrations require the basement protein laminin.
Over the course of these observations, we identiﬁed a previously
undescribed muscle morphogenetic event, whereby the anterior-most
cells in each quadrant extendmembrane processes to the anterior of the
embryo and thenmuscle cells follow these processes to the anterior end
of the embryo. We also demonstrate that proper extension of the
ventral, but not the dorsal, anterior processes is dependent upon
laminin, ina-1/α-integrin, vab-2/vab-1/ephrin/ephrin receptor and
sax-3/Robo. These muscle projections are required for the anterior
migration of the muscle quadrants during elongation, as loss of the
ventral extensions results in posterior displacement of the ventral
anterior muscle cells.
Material and methods
C. elegans strains
Animals were maintained as described (Brenner, 1974). The N2
Bristol strain was used as reference wild type. The strains used in this
study were: PD7963, ccIs7963[phlh-1::GFP]; VH95, hdIs61[phlh-1::
memGFP, rol-6(su1006)]; ML1153mcIs46[DLG-1::RFP;unc-119(+)];
RW10055, unc-119 (ed3); stIs10055 [cnd-1(3.2 kb)::HIS24::
mCherry+unc-119(+)]; VC2420, lam-1(ok3139) IV/nT1[qIs51](IV;
V); IC464, sax-3(ky123) X; quEx100[pajm-1::SAX-3+odr-1::RFP];
IC459, sax-3(ky123) X; quEx102 [prgef-1::SAX-3+odr-1::RFP];
VC1782, egl-15(ok2314) X; MT5383, lin-44(n1792) I; EW72, cwn-1
(ok546) II; cwn-2(ok895) IV; NW1704, smp-1(ev709) I; jcIs IV; him-5
(e1490) V; MT1215, egl-20(n585) IV; NW1701, mab-20(ev778) I;
muIs32 II; him-5(e1490) V.
To generate VH95, transgenic animals containing the plasmid with
the membrane-tagged GFP under the control of the hlh-1 promoter
(see below) were generated as described (Mello and Fire, 1995).
During this study it was found that the transgene appears to be stablytransmitted to all progeny suggesting that the original extrachromo-
somal array has become integrated into the genome.
Molecular biology
To generate a membrane-bound GFP tag expressed in body wall
muscle, the signal sequence and transmembrane portion of PAT-3
(aa1-29 and aa720-770) were PCR-ampliﬁed and inserted in front of
the coding region of GFP in a plasmid also containing the hlh-1
promoter (Chen et al., 1994).
Feeding RNAi was done as per Kamath et al. (2003) and injection
RNAi, was done at 200 ng/ml and was performed as previously
described (Gonczy et al., 2000; Sonnichsen et al., 2005). Injected
adults were cultured for 24 h before being used for further analysis.
Microscopy
4-D recordings were done as previously described (Burglin, 2000;
Moerman et al., 1996; Schnabel et al., 1997; Thomas andWhite, 1998)
with the addition ofﬂuorescent Z-stacks. For cell trackingweused Simi
Biocell (Schnabel et al., 1997). Confocal microscope imaging and
ﬂuorescent recordings were performed on a Quorum WaveFX
spinning disk system mounted on a Zeiss Axioplan II microscope and
an inverted Zeiss Axiovert LSM 5 confocal microscope equipped with
epiﬂuorescence, Nomarski optics, and LSM 5 Pascal software. Image
acquisition and analysis was done with the LSM 5 Pascal volume-
rendering software and the Volocity software package. (www.
improvision.com).
Results
A detailed description of C. elegans embryonic muscle migration
To reveal themechanisms of muscle cell movements we visualized
the surface of migrating muscle cells by expressing a GFP tag localized
to the membrane in muscle cells. This allowed us to detect cell
contacts, and various extensions like ﬁlopodia or lamellipodia, which
are indicative of an active migration process. As the hlh-1/ceMyoD
promoter used to drive expression of our marker activates as cells
acquire their myogenic fate (Chen et al., 1994), GFP is detectable
beforemuscle cells begin tomigrate. As the cells divide, they form two
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the furthest anterior, the C derived cells the furthest posterior and the
D derived cells in between the two (Fig. 1). Left and right MS and D
derived muscle are already separated early on while the left and right
C derived cells maintain a high degree of contact in the posterior
(Fig. 2). Though membrane connections exist between the posterior-
most C derived cells (data not shown), the cell morphology of these
early muscle cells appears to be devoid of visible lamellipodia or
ﬁlopodia.
At ~290 minute stage of development, cells in the left and right
muscle rows begin to migrate dorsally or ventrally (Schnabel et al.,
1997; Sulston et al., 1983). Using our membrane marker we can clearly
see that these cells have the morphology of migrating cells, with
lamellipodia and ﬁlopodia at the leading edges (Fig. 2). As described
previously (Moerman et al., 1996; Schnabel et al., 1997; Sulston et al.,
1983), these dorsal and ventral migrations initiate from the anterior to
the posterior, with the MS derived cells preceding the D derived,
followed by the C derived muscle cells, which now complete their left
and right separation. Extensive cell contact is maintained between the
dorsal and ventral contralateral cells during migration. These contacts
dissipate in an anterior to posterior fashion during elongation, with the
contacts in the posterior C lineage cells persisting through the onset of
embryo movement (Fig. 3). Interestingly, while the cells are migrating
away from the lateral hypodermal seam cells, we have also observed
instances of cells extending processes from the lagging edge back
towards the lateral hypodermal seam cells, though these are eventually
lost as embryogenesis progresses (Fig. 3).
At ~330 minute of development, as the cells in the left and right
muscle rows migrate dorsally or ventrally, the anterior-most cells in
each of the four developing body wall muscle quadrants extend
membrane processes to the anterior tip of the embryo (Figs. 2, 3). In
all, eight cells extend these processes: MSapappp and MSapaaap from
the dorsal left and MSppappp and MSppaaap from the dorsal right
quadrants, and MSapapap and MSappapp from the ventral left
quadrant and MSppapap and MSpppapp from the ventral right. The
processes extend forward, curving along the contour of the embryo
and converge near the point of the sensory depression (Supplemen-
tary Movie 1). At their longest, these processes extend 16±1.2 μm,
compared to the 2.2±0.4 μmmembrane extensions generated by the
dorsally and ventrally migrating cells. As elongation progresses, their
cell bodies and the adjacent, more posterior muscle cells continue to
advance to the anterior, decreasing the overall length of the
membrane processes. Ultimately, this results in the loss of the
processes completely from these maturing muscle cells.DL
DR
Fig. 2.Migrating embryonic muscle cells extend lamellipodia and ﬁlopodia. A ﬂuorescent im
(DL) muscle quadrants. The left and right C derived, posterior muscle cells can be seen cluste
the internal membranes of the cell. The triangles indicate leading edges of dorsally migrat
Anterior is to the left of the panel. Scale bar is 10 μm.UNC-52/perlecan is a key component of the basement membrane
that links the body wall muscle to the hypodermis. Though null alleles
of unc-52 do not result in any defects in embryonic muscle migration,
it is the ﬁrst component required for the initiation of proper
sarcomeric assembly (Hresko et al., 1994; Rogalski et al., 1993) and
as such, we were interested to see how its deposition related to the
migration of the muscle cells. Looking at the perlecan distribution in
concert with our muscle membrane marker reveals that perlecan
appears to be laid down only as the leading edges of the dorsally and
ventrally migrating muscle cells reach their destination (Fig. 4). In the
case of the anterior muscle processes, perlecan appears to be laid
down beneath them as they extend, as no part of the processes appear
free of perlecan and none is apparent before their leading edges
(Fig. 4). These results would indicate that perlecan is more of a marker
for the ﬁnal position of the muscle cells, than a component of active
muscle migration.
Proper embryonic muscle migration in C. elegans requires laminin
To identify genes required for proper embryonic body wall muscle
migration, we performed a feeding RNAi screen focusing on 768 genes
known or predicted to be components of, or receptors for, the
extracellular matrix (ECM) (Supplementary Table 1). We focused on
identifying knockdowns that effected the migrations that mediate the
two row to four quadrant transition, since defects of the early embryo,
i.e. improper gastrulation or non-muscle cell fate changes, can result
in a non-speciﬁc disorganized muscle phenotype. As defects in the
migrations that generate the ﬁnal four muscle quadrants should result
in embryonic or larval lethality, we focused on identifying those
phenotypes, though we also examined non-lethal animals for
displaced muscle using a muscle speciﬁc GFP marker, since C. elegans
displays amuscle plasticity that allows them to compensate for absent
muscle cells (Moerman et al., 1996). Of all genes screened only
depletion of laminin resulted in defects in the later stage embryonic
muscle cell migration.
Laminin forms a heterotrimer consisting of an α, β and γ subunit.
C. elegans has two α subunits, one β and one γ subunit, forming two
laminin isoforms (Huang et al., 2003; Kao et al., 2006). Targeted
depletion of any of the subunits using RNAi results in a number of
embryonic muscle migration defects. Both the dorsal and ventral
migrations are defective, indicated by lagging cells present between
the dorsal and ventral quadrants, and there is an apparent loss of
muscle cells from the anterior ventral quadrant (Fig. 5, Table 1).
While there are extensive defects in the migrations forming theage showing the GFP tagged muscle membranes of the dorsal right (DR) and dorsal left
red in the posterior. GFP appears to tag both the plasma membrane, as well as, some of
ing cells and the arrows indicate membrane extension to the anterior of the embryo.
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Fig. 3.Muscle cells extend membrane processes to the anterior of the embryo and maintain extensive contact between dorsally and ventrally migrating muscle cells. After contact
between dorsal (D) and ventral (V) muscle cells is disrupted, cells can reextend processes back towards the lateral hypodermal seam cells. Panels A, C, E are Nomarksi images
depicting an elongating wild type embryo with images taken at 15-minute intervals. B, D, F are ﬂuorescent images of the same embryos visualizing the membrane-bound GFP tagged
muscle cells. G, H and I are enlargements of the indicated regions of panels B, D and F. Asterisks indicate anterior membrane extension. Arrows indicate points of contact between the
dorsal and ventral muscle quadrants. Triangles indicate the extension of a ventral process from a dorsal cell. In all panels anterior is to the left and the ventral side of the embryo is to
the bottom. Scale bar is 10 μm.
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and right muscle rows appears unaffected in the laminin-depleted
embryos (data not shown). We also examined lam- 1(ok3139)
embryos, which are mutant for a putative null allele of the laminin β
subunit. Themutant embryos showpre-hypodermal enclosure arrest
and the early muscle rows do not form. The general tissue
organization of these embryos appears to be defective (Supplemen-
tary Fig. 1), which makes it impossible to determine whether loss of
laminin has a direct or indirect affect on the early muscle
organization. As complete loss of laminin results in embryos that
arrest before the later muscle migration events occur, we used lam-1
RNAi for our further analysis.
To determine whether the missing anterior-most ventral cells were
absent or misplaced, we used a 4-D lineaging system (Schnabel et al.,1997) to follow these cells in laminin depleted embryos. Tracing the
cells'migratorypathways in theseembryos,we found that the cellswere
still present, but displaced to the posterior, having failed to properly
migrate to the anterior of the embryo (Fig. 6). Observing the laminin
depleted embryos during migration reveals that the anterior-most
ventral muscle cells fail to extend membrane processes properly to the
anterior of the embryos, while their dorsal counterparts do extend
proper processes (Fig. 5). Since integrin is a well-characterized receptor
for lamininmediated cell migration (Belkin and Stepp, 2000), we tested
whether this is also true for C. elegans embryonic muscle migration.We
tested a null allele of the sole C. elegans β-integrin, PAT-3. Consistent
with previous studies (Gettner et al., 1995;Hresko et al., 1994), it did not
show any defects in anterior extensions or other aspects of embryonic
muscle migration (data not shown).
Fig. 4. Distribution of perlecan coincides with the terminal position of the migrating muscle cells and is distributed beneath the extending anterior processes. All panels are
ﬂuorescent images of wild type embryos. A–C are images of a two-fold embryo. D–F are images of an earlier elongating embryo in the process of rotating clockwise from resting on its
dorsal surface to its right side. A and D show muscle cells labeled with membrane bound GFP. Panels B and E are embryos stained with anti-UNC-52 antibodies. Panels C and F are
overlays showing the coincidence of perlecan and muscle cells. In all panels anterior is to the left and ventral is down. Scale bar is 10 μm.
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the ephrin VAB-2, and the ROBO receptor SAX-3
The displacement of the anterior most ventral muscle cells in the
laminin RNAi treated embryos is very similar to the embryonicA B
C D
E F
vab-2 (e96)
lam-1 RNAi
Fig. 5. Depletion of laminin by RNAi results in defects in dorsal and ventral muscle migratio
ventral anterior muscle processes. Panels A and B are of a wild type embryo and C–F are of R
ﬂuorescent images of membrane-bound GFP labeled muscle cells. Arrows show misplaced
anterior is to the left and the ventral side of the embryo is to the bottom. Scale bar is 10 μmphenotype of the “notched head”mutants studied by Tucker and Han
(2008). We therefore examined the mutants used in that study to
determine whether these mutants also are defective for anterior
muscle process extension in the ventral muscle cells. We ﬁrst
examined α-integrin, ina-1 mutants and found the ventral muscleina-1 (gm86)
sax-3 (ky123)
n and laminin along with vab-2, ina-1, and sax-3 is required for proper extension of the
NAi treated or mutant embryos. A is Nomarski images of a developing embryo. B–F are
cells and the brackets indicate missing anteriormost ventral muscle cells. In all panels
.
Table 1
Percent of 1.5–2 fold embryos with defects in ventral anterior muscle process
extension.
Percent of embryos with muscle process extension
defects a
wt 2%
sax-3(ky123) 66%
sax-3(ky123); pajm-1::sax-3 60%
sax-3(ky123); prgef-1::sax-3 25%
vab-2(e96) 60%
ina-1(gm86) 58%
lam-2(RNAi) 42%
lam-1(RNAi) 76%
epi-1(RNAi)+lam-3(RNAi) 32%
egl-15(ok2314) 0%
egl-20(n585) 0%
lin-44(n1792) 0%
cwn-1(ok546) 2%
cwn-2(ok895) 2%
mab-20(ev778) 2%
smp-1(ev715) 2%
smp-2(ev709) 0%
unc-6(e78) 4%
a n=50.
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posterior displaced muscle cell similar to that seen in the laminin
RNAi (Fig. 6). As pat-3, the only known β-integrin in C. elegans
mutants did not show any defects in muscle cell extension, ina-1's
involvement was unexpected. vab-2/ephrin mutants, displayed a
similar phenotype to ina-1 mutants (Table 1 and Fig. 5), as didFig. 6. The anterior-most ventral muscle cells in anti-laminin treated embryos are displaced t
an anti-lam-2 RNAi treated embryo. A and D are Normaski images of developing embryos. Pa
plots of the migrations of the anterior-most ventral left cell indicated by the arrows in pane
time-points, with the connecting line representing the distance traveled. Time-points were
wild type. In all panels anterior is to the left and the ventral side of the embryo is to the bomutants for the VAB-2 receptor VAB-1 (data not shown). Our analysis
suggests that the “notched head” class of mutants is associated with
the ventral anteriormuscle process extension. These results suggested
SAX-3/Robo as another potential candidate, as certain alleles of sax-3
show a “notched head” phenotype as well. Testing sax-3 mutants
revealed they are defective for ventral anterior muscle process
extension (Table 1). These sax-3mutants result in the same posterior
displacement of the ventral anterior-most cells seen in the other
mutants (Fig. 5), though it, as with the ina-1, vab-1 and vab-2mutants,
displays none of the dorsal–ventral migration defects seen in laminin
RNAi embryos. The mutant alleles of the canonical SAX-3 ligand SLT-1
show no body morphology defects suggesting that SAX-3 does not act
as a receptor for SLT-1 in this case. Live imaging showed that ventral
muscle cells in sax-3mutants retain the ability to extend the processes
to the anterior, as some cells still extend processes, but they are
diminished in thickness and are misguided (Supplementary Movie 2).
Examination of both the ina-1 and vab-2 mutants and the laminin
RNAi embryos also showed the same phenomenon, suggesting that
the loss of these genes is effecting the ventral anterior muscle
processes in a similar fashion.
Since ROBO, integrin and ephrin signaling seemed to be involved
in a subset of muscle cell migrations wewanted to determinewhether
other signaling pathways used in cell migrations were involved. We
examined mutants in the UNC-6/netrin, the LIN-44, EGL-20, CWN-1
and CWN-2 Wnt proteins, the FGF receptor EGL-15 and the
semaphorins MAB-20, SMP-1 and SMP-2. In addition we targeted
with RNAi knockdown members of the Ig family of receptors,
cadherins and the Notch signaling pathway. Even after this extensiveo the posterior. Panels A, B and C are of a wild type embryos and panels D, E and F are of
nels B and E are ﬂuorescent images showing GFP labeled muscle cells. Panels C and F are
ls B and E. Dots represent the position of the cell's nuclei in the embryo at consecutive
taken every 35 s. Muscle cells migrate ventrally, but fail to migrate to the anterior, as in
ttom. Scale bar is 10 μm.
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mutants or RNAi knockdowns. (Table 1 and Supplementary Table 1).
Previously published phenotypic characterizations of the genes that
we tested with RNAi also revealed no phenotypes consistent with
mislocalized muscle.
Improper ventral muscle process extension is not due to defects in
ventral hypodermal morphogenesis
As these mutations also affect hypodermal morphogenesis, we
next observed hypodermal and muscle development in the mutant
strains to determine if there were any hypodermal defects associated
with the improper extension of ventral muscle processes. As muscle
cells adhere to the hypodermis via the ECM later in development
(Reviewed in Kramer, 2005; Labouesse, 2006; Moerman and
Williams, 2006), the possibility exists that the anterior muscle
extensions are a consequence of muscle cells adhering to migrating
hypodermal cells, rather than independent migrations of the muscle
cells themselves. Using an adherens junction marker, DLG-1::RFP (a
gift from M. Labouesse), we were able to visualize the boundaries of
the hypodermal cells alongside the muscle cells (Firestein and Rongo,
2001). This allowed us to visualize how the extension of the anterior
muscle processes relates to anterior hypodermal enclosure. We found
that the hypodermal anterior epiboly coincides with anterior muscle
migration. The leading edge of the anterior muscle processes is closely
associated with the leading edge of the hypodermal sheet (Fig. 7).
Following enclosure by the hypodermis, the cell bodies of anterior-
most muscle cells are located adjacent to the H0 and H1 hypodermal
seam cells, with their anterior processes extending across the anterior
edge of hyp7, the entirety of hyp6 and hyp5 and into hyp4 (Fig. 7).
Though we lack the resolution to determine the anterior endpoint of
these processes in the embryo, transmission electron microscopy of
the anterior regions of adults has shown that body wall muscle does
not extend all the way to the anterior tip of the animal, but terminates
before the hyp4-hyp3 boundary (Altun and Hall, 2009). This may also
be the case for the anterior processes in the embryo. Altogether,
muscle migration and hypodermal enclosure appear to coincide and
defects in muscle migration may be a reﬂection of improper
hypodermal enclosure.
To test whether this was the case, we visualized the hypodermis in
the mutant strains by using a GFP-tagged adherens junction marker,
AJM-1, in combination with the muscle membrane marker. While
muscle process extension defects occurred when the mutant or RNAi
treated embryos exhibited ventral enclosure defects, improper
ventral muscle process extension also occurs when hypodermal
enclosure is normal (Fig. 7). We found no correlation between
hypodermal closure and muscle migratory defects, which leads us to
conclude that defects in the hypodermis are not the cause of the
muscle defects found in these mutant strains. The persistence of
improper anterior muscle process extension even when hypodermal
epiboly is normal in these mutants suggests that the anterior muscle
membrane processes are not simply the result of physical towing by
the hypodermal sheet.
SAX-3 is required in the nervous system for proper extension of ventral
anterior muscle processes
It was previously shown that the posterior displacement of ventral
anterior muscle cells in INA-1/α integrin and VAB-2/VAB-1/ephrin/
ephrin receptor could be rescued by restoring expression in the
hypodermis and nervous system respectively (Tucker and Han, 2008).
As sax-3 is expressed in both neurons and the hypodermiswewished to
determine in which tissue it was functioning to affect muscle processes
extension. To do this we assessed the ability of SAX-3 protein to rescue
the muscle phenotype using either a pan-neuronal or hypodermal
promoter in a sax-3mutant background. We used the rgef- 1 promoter,which drives expression in all post mitotic neurons (Altun-Gultekin
et al., 2001), or the ajm-1 promoter, which drives hypodermal
expression (Mohler et al., 1998).We found that hypodermal expression
of sax-3 failed to rescue the ventral muscle migration defects, but
expression in the nervous system did rescue the defects (Table 1). This
indicates that sax-3 is required in neurons for proper ventral muscle
migration.
Mislocalized neurons are associated with ventral anterior muscle defects
Both sax-3 and vab-2/vab-1 have been implicated in hypodermal
ventral enclosure and neuronal migration (George et al., 1998; Mohler
et al., 1998; Zallen et al., 1998). Since both are required in neurons for
proper ventral muscle migration, we were interested to observe the
organization of the nervous system in these animals. To visualize the
neurons a strain expressing a mCherry tagged histone marker in
neuronal precursors and postmitotic neurons was crossed into muscle
marker containing strains. Examining the relationship between the
muscle cells and neurons in wild type embryos, we observed a neuron
free zone between the neurons lining the ventral surface of the embryo
and a more dorsally situated cluster of neurons that the ventral muscle
cells pass through (Fig. 8). In the sax-3 andvab-2mutantembryos,where
the ventral muscle fails to extend normally, neurons are disorganized
and appear to be in themigratory path of themuscle cells. This neuronal
disorganization is also apparent in the laminin depleted and ina-1
mutant embryos (Fig. 8). Proper neuronal organization appears to be a
key factor in promoting muscle process extension.
Discussion
C. elegans muscle as a model to study muscle cell migration in vivo
C. elegans has proven to be an excellent model for the study of cell
migration (For review see, Chen and Stern, 1998; Killeen and
Sybingco, 2008; Lehmann, 2001; Simske and Hardin, 2001). Embry-
onic muscle migration provides a model for coordinated and
simultaneous movement of a large number of cells in the very
dynamic environment of a developing embryo as a prerequisite for
proper tissue organization itself. While the basic movements of
muscle cells have been described in the past (Hresko et al., 1994;
Schnabel et al., 1997; Sulston et al., 1983), none of these earlier studies
determined whether muscle migrations are the result of directed cell
migration, or occur via some other means of organization such as
differential cell adhesion or cell focusing (Schnabel et al., 2006;
Steinberg, 2007). In this study we provide evidence of lamellipodia
and ﬁlopodia, hallmarks of directional cell migration, in migrating C.
elegans embryonic muscle cells. Directed cell migration appears to be
necessary only in the later organization stages, since the formation of
the initial lateral muscle rows occurs in the absence of any telltale
membrane extensions, although we cannot rule out the involvement
of short-range migrations in this initial organization. Taken altogeth-
er, this makes embryonicmuscle cells in C. elegans an excellent system
for the study of tissue organization and cell migration.
The high degree of cell contact maintained between dorsal and
ventral muscle quadrants while they migrate in opposing directions is
intriguing. This is especially striking when one considers that some
muscle cells maintain a connection with their dorsal or ventral
contralateral counterparts, while other anterior and posterior ipsilat-
eral neighbors do not. These cell–cell contacts between the contra-
lateral cells may simply be the result of homophilic adhesion between
the muscle cells so that the contacts are broken by tearing forces as
the cells separate. However, if the connections are only due to
adhesion, we would expect that both cells contribute equally and this
is not what we observe. Some contacts are due to one cell process
extending across to the opposite side, with no apparent contribution
from the target cell. We also observe that, after the dissolution of
A B
C D
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G H
vab-2 (e96) sax-3 (ky123)
lam-1 RNAi ina-1 (gm89)
Fig. 7. Anterior muscle processes extend during of hypodermal anterior enclosure and converge with the hypodermal leading edge at the sensory depression. Panels A and C are
Nomarski images of developing embryos. Panels B and D are ﬂuorescent images of a strain showing the membrane-bound GFP labeled muscle cells and the DLG-1::RFP labeled
hypodermal adherens junctions. E–H are ﬂuorescent images of the mutant and RNAi treated embryos showing the membrane-bound GFP labeled muscle cells and the AJM::GFP
labeled hypodermal adherens junctions. In panel B the white arrow indicates the leading edge of the hypodermis and the white triangle an extending muscle process. The arrow in
panel D indicates the sensory depression. Brackets in E–Hmark missing or defective anterior ventral muscle processes. In all panels anterior is to the left and in A and B the right side
of the embryo is to the bottom and in C and D ventral is to the bottom. Scale bar is 10 μm.
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across the intervening space between the contralateral quadrants.
While the cause of this phenomenon remains unknown, the active
membrane dynamics of these cells at their lagging edge suggests the
possibility of continued communication between cells of the dorsal
and ventral quadrants as they migrate apart.
Embryonic muscle migrations in C. elegans require laminin
In mammals and Drosophila, laminin is a well-characterized
substrate for muscle migration (For review see Ocalan et al., 1988;Ryan et al., 1996; Yarnitzky and Volk, 1995). While previous studies
have shown that loss of laminin in C. elegans results in defects in
muscle attachment and sarcomere organization, (Huang et al., 2003;
Kao et al., 2006), they did not identify any requirement for laminin in
muscle cell migration. We demonstrate that laminin is indeed
required for late muscle migration in C. elegans.
The best characterized receptor involved in mediating muscle
migration across a laminin substrate is the heterodimeric receptor
integrin (Belkin and Stepp, 2000; Buck and Horwitz, 1987; Crawley
et al., 1997). C. elegans has one β subunit and two α subunits,
producing two integrin receptors (Baum and Garriga, 1997; Gettner
A B
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I J
wild type
vab-2 (e96)
sax-3 (ky123)
lam-1 RNAi
ina-1 (gm2324)
Fig. 8. Displaced neurons are associated with improper extension of the ventral anterior muscle processes. Panels A, C, E, G and I are ﬂuorescent images of GFP labeled muscle
membranes andmCherry labeled neuronal nuclei. B, D, F, H and J show the neurons alone, with the outline of the embryo indicated in white. Arrows indicate the region of the cluster
of sensory neurons present in the wild type. In all panels anterior is to the left and the ventral side of the embryo is to the bottom. Scale bar is 10 μm.
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primary muscle integrin receptor, PAT-3/β-integrin or PAT-2/α-
integrin, results in embryonic lethality without affecting muscle
migration (Gettner et al., 1995; Hresko et al., 1994; Viveiros, Pers.
Obs.; Williams and Waterston, 1994), suggesting that integrins may
not mediate binding of muscle cells to laminin during migration or
that laminin indirectly affects migration. The lack of muscle
migration defects in the only β-integrin (pat-3) is particularlysurprising considering that ina-1/α-integrin is required for the
proper migration of some of the muscle cells. This incongruity
supports the idea that ina-1mediates these migrations without a β-
integrin. Though an unconventional explanation, it is consistent
with the data and this would be the ﬁrst example of an α-integrin
with a function independent of a β- integrin partner. Alternatively
there may be another unidentiﬁed β-integrin present in the
genome.
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which have C. elegans homologues, including dystroglycan, the
32/67 kDa laminin receptor, galactoside-binding lectin, heparin
sulfate proteoglycans, (Reviewed in Patarroyo et al., 2002). Most of
these genes were included in our initial RNAi screen and exhibited no
discernable muscle phenotype. RNAi does not always results in a
complete loss of gene function, so that negative RNAi results need to
be interpreted with caution. For a number of these genes mutants are
available and have previously been characterized: there is evidence
that dystroglycan functions as a receptor for laminin in C. elegans, but
this does not appear to be relevant for muscle development (Johnson
et al., 2006). Of the heparin sulfate proteoglycans in C. elegans, agrin,
perlecan, glypican and syndecan (Gumienny et al., 2007; Hrus et al.,
2007; Minniti et al., 2004; Rogalski et al., 1993), only perlecan has
been found to a play a role in muscle function and it has no effect on
muscle migration. Although these laminin receptors appear not to be
required for muscle migrations, it is possible some act redundantly, or
that additional receptors remain to be identiﬁed.
Defects in overall ECM organization could potentially impede the
muscle cells' ability to migrate. This seems unlikely as loss of function
studies on other ECM components in C. elegans, including basement
membrane collagens, heparin sulfate proteoglycans and nidogen,
have not revealed any defects in muscle cell migration (Gumienny
et al., 2007; Guo et al., 1991; Hrus et al., 2007; Kang and Kramer, 2000;
Minniti et al., 2004; Rogalski et al., 1993). Looking at the distribution
of perlecan in relationship to the migrating muscle cells, while
considering its known role in mediatingmuscle adhesion and non-
involvement in muscle migration (Hresko et al., 1994; Rogalski et al.,
1993), it is easy to surmise that perlecan and these other ECM proteins
may act more as glue to lock the cell in place rather than as substrates
or guidance cues for muscle migration. While it is possible that loss of
a single ECM component may not be sufﬁcient to disrupt the muscle
cells ability to migrate, it seems more likely that embryonic muscle
migration is facilitated in the presence of laminin and may be
independent of all other currently identiﬁed ECM components.
Multiple signaling pathways affect ventral anterior muscle processes
Axon guidance and cell migration share many similarities and over
the past several years a number of signaling pathways have been
implicated in axon guidance, including the ephrin, slit, wnt and netrin
pathways (Reviewed in Killeen and Sybingco, 2008; Quinn and
Wadsworth, 2006). The pathways have also been shown to mediate
cell migration outside the nervous system, including hypodermal
ventral enclosure and distal tip cell migration (Ghenea et al., 2005; Su
et al., 2000). Here we identiﬁed integrin, ephrin and Robo signaling
pathways as required for proper migration of muscle cells in the
anterior ventral region of the developing embryo. We did not ﬁnd any
evidence implicating Wnt, Netrin or semaphorin signaling in this
process. The disrupted integrin, ephrin and slit signaling pathways do
not seem to act cell autonomously in displaced muscle cells. Tucker
andHan (2008) showed that the notched head phenotype of ina-1 and
vab-2 animals could be rescued by expression in the hypodermis or
nervous system, respectively, and we have shown that neuronal sax-3
is also required for proper anterior muscle morphogenesis. As ROBO
and ephrin signaling are both required for ventral enclosure of the
hypodermis (Ghenea et al., 2005), we considered whether the muscle
defects we observe might be the result of defects in hypodermal
epiboly. We did ﬁnd that ventral enclosure defects affected the
underlying muscle cells, but we also observed examples of normal
hypodermal closure and improper muscle process extension
As ina-1, sax-3 and vab-2 are all known to be involved inmediating
neuronal migration (Baum and Garriga, 1997; Chin-Sang et al., 1999;
Zallen et al., 1998) we examined the distribution of neurons in the
embryo in these mutants. Most evident in these mutants was the
disorganization, shared by the laminin depleted embryos, of a theanterior neurons that results in themislocalization of neurons into the
path of the migrating muscle cells, displacing the cells that would
normally form the muscle processes migratory environment. This
disruption may be due to an anterior shift of the sensory cells, since
amphid neurons are anteriorly displaced in ephrin and ROBO deﬁcient
adult animals (Ghenea et al., 2005). These neuronal defects offer an
explanation for why disruption of anterior muscle processes is limited
to ventral muscle cells in these mutants, since at this developmental
stage the majority of the neurons are ventrally located and very few
are near the anterior dorsal muscle cells (Hallam et al., 2000; Sulston
et al., 1983). These defects in organization of neurons in the head
region may affect the pathﬁnding ability of muscle cells, since these
cells can still extend processes, but these processes cannot ﬁnd their
target. This may be due to conﬂicting signals originating from the
neurons or defects in the ECM resulting from the presence of the
mislocalized cells. Another attractivemodel is that of steric hindrance:
it may be that in the anterior ventral quadrant muscle extensions are
simply blocked from reaching their proper destination by the shift in
neural cell bodies. This latter model explains why only ventral
anterior processes are affected and not dorsal muscle extension as
well. This obviates the need to postulate separate signaling mecha-
nisms for the dorsal and ventral anterior processes. What is required
now, if understanding how anterior muscle extensions ﬁnd their
targets is to be elucidated, is to identify mutants that affect both the
ventral and dorsal anterior muscle membrane process extensions.
Anterior muscle processes are required for anterior migration
Previous studies of embryonic muscle migration in C. elegans
proposed that ﬂattening of muscle cells was responsible for the
extension of the muscle quadrants as the embryo elongated (Hresko
et al., 1994; Sulston et al., 1983). While ﬂattening most likely plays a
role, we have identiﬁed an anterior migration event that is mediated
by processes extending from the anterior-most pair of cells in each
muscle quadrant. Anterior migration of muscle cells is dependent
upon the extension of these processes, as loss of the ventral processes
in laminin knockdown embryos and ina-1, vab-2 and sax-3 mutant
embryos prevents anteriormigration of the ventral muscle cells, while
the dorsal cells, whose processes are unaffected, migrate normally.
What role these processes are playing in anterior muscle migration is
currently unknown. It seems likely that they provide a tether for the
anterior extension of the muscle quadrant, but this remains to be
proven. Though not a certainty, they appear to be required for proper
muscle morphogenesis.
The extension of these anterior processes coincides with the
anterior enclosure of the embryo by the hypodermal sheet andmuscle
cells fail to extend processes when hypodermal enclosure is defective,
as in the sax-3 and vab-2 mutants, suggesting a potential connection
between the two processes. Though anterior epiboly appears to be
necessary for anterior muscle migration, as muscle cells fail to migrate
properly in animals with defective hypodermal enclosure, it is
unlikely that the anteriorly migrating hypodermis is contributing to
the anterior extension of these muscle processes by physically towing
them along. The anterior muscle cells show lamellipodia and ﬁlopodia
directed towards the anterior, implying that they play an active role in
the membrane extension and in the mutant embryos that extend
defective processes, these processes continue to wander even after
epiboly has concluded. Moreover, the improper extension of the
ventral membrane processes in the laminin RNAi and Robo, ephrin
and integrin mutants occurs even when anterior hypodermal
enclosure occurs normally, indicating that anterior hypodermal
enclosure is not sufﬁcient for anterior muscle process extension. The
hypodermis is most likely providing a substrate for the extending
anterior processes with muscle and hypodermal crosstalk resulting in
the deposition of ECM to reinforce the adhesion between the tissues
once the muscle cells have migrated to their ﬁnal location. This is
199R. Viveiros et al. / Developmental Biology 358 (2011) 189–200supported by the observation that perlecan is deposited beneath the
processes as they extend and that it is only present beneath the area of
the muscle cells that have reached their ﬁnal location. The perlecan
isoform responsible for muscle attachment at this stage in develop-
ment is made in the hypodermis and its secretion is dependent upon
the presence of the underlying muscle (Moerman et al., 1996; Spike
et al., 2002). While there is no evidence that direct contact is required,
it seems probable considering the extremely short distances involved.
Proper organization of the nascent nervous system appears
necessary for the extension of the ventral muscle processes. In the
ina-1, vab-2 and sax-3 mutants, as well as the laminin knockdown
embryos, the loss of the ventral muscle processes is associated with
disorganized neurons that appear to be in the direct migratory path of
the ventral anterior muscle processes. This could be a case of steric
hindrance, whereby the mislocalized neurons physically block the
migration of muscle cells. We favor this model as it readily explains
the differences we observe in muscle cell extensions between the
dorsal and ventral muscle quadrants. While possible it seems unlikely
to us that each quadrant would use unique guidance cues.
If steric hindrance is the explanation for these observed
alterations in anterior muscle migrations, then we have identiﬁed
only one protein that directly affects this migration process,
laminin, which appears to be required for the initial formation of
the ﬁrst two muscle clusters and the later dorsal-ventral migra-
tions, as well as indirectly affecting the ventral anterior muscle
processes. Considering the number of ECM protein components and
receptors we screened by RNAi or mutant analysis this is a
surprising observation. These results may represent genetic
redundancy or buffering, but we suspect the paucity of genes
detected by our screen is the result of our focus on defects in the
older, post epiboly embryos. It is highly probable that early
organization of the two lateral muscle cell clusters and the later
migrations that form the ﬁnal four quadrants require the same
components. If that is the case we were limited to detecting only
those genes that behave like laminin, where a weak allele proceeds
past epiboly and does not show morphological defects until later in
development. Using automated 4-D lineaging (Bao et al., 2006;
Murray et al., 2008)it should be possible to identify such genes by
examining early embryos and determining whether muscles cells
are the only cell type disorganized in a mutant embryo.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.07.026.
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